The cross section for the emission of bremsstrahlung by electrons in the field of the atomic nucleus has been evaluated by the synthesis of various theoretical results. The synthesis has been carried out for the cross section differential in emitted photon energy, and is based on (a) results of exact phase-shift calculations by Pratt, Tseng, and collaborators; (b) analytical results derived by Davies, Bethe, Maximon and Olsen in the high-energy approximation; (c) the Coulomb correction factor of Elwert; and (d) the results for the high-frequency limit of Jabbur and Pratt. Cross sections are presented here for the bremsstrahlung produced in aluminum and gold by electrons with energies from 1 keV to 1000 MeV.
Introduction
In the study of space and nuclear radiation effects, the need may arise for accurate information about bremsstrahlung production by electrons. Such an application arises, for example, in the design of shields to protect personnel or electronic devices in spacecraft. Whereas a rather thin shield may be sufficient to provide protection against electrons found in the earth's environment, the bremsstrahlung produced by the electrons in the shield is much more penetrating and may constitute a serious hazard. Transport calculations may therefore be required which take into account the production and further penetration of the bremsstrahlung photons.' The experimental data on the bremsstrahlung production cross section are sparse and do not provide adequate input for transport calculations, so that it is necessary to rely on theoretical cross sections.
The well-known theory of Bethe and Heitler2 provides an adequate understanding and predicts the characteristic features of the bremsstrahlung process. However, because of the use of the first Born approximation, the Bethe-Heitler theory is in many cases not sufficiently accurate, especially at low energies and for targets of high atomic number. Also available are cross sections from the high-energy theory of Davies, Bethe, Maximon and Olsen3 which goes beyond the first Born approximation through inclusion of a "Coulomb correction." This correction is derived in the highenergy approximation, assuming that the energy of the electron, both before and after the bremsstrahlung event, is large compared to the electron rest energy. The theory is therefore inaccurate for incident electron energies below 15 to 50 MeV (depending on circumstances), and is always inapplicable at the tip of the bremsstrahlung spectrum where the emitted photon energy approaches the incident electron energy. However, in the tip region one can take advantage of information provided by the theory of the highfrequency limit of Jabbur and Pratt, and by using an alternative Coulomb correction due to Elwert.5 During the past dozen years, important progress has been made by Pratt Pratt et al.7 for the production of a comprehensive table of cross sections for atomic numbers Z = 2 to 92 in the energy region 1 keV to 2 MeV. The method depends on the evaluation of phase shifts resulting from the electron-atom interaction, and is computationally quite costly because of the large number of phase shifts that must be included.
An extension of the Pratt-Tseng method to higher energies has so far been made only in four cases (At and U at 5 and 10 MeV),8 by a procedure involving the rigorous evaluation of selected phase shifts and the estimation of other phase shifts by interpolation. The systematic extension of such calculations, in the present state of the art, would be very costly, and cannot be expected to be accomplished in the near term for the many atomic numbers and energies of interest for transport calculations. Thus there is at present an information gap in the energy region from 2 to -50 MeV.
Fortunately this gap can be bridged, and cross section data adequate for practical requirements can be generated, by combining and, when necessary, interpolating between available low-energy and high-energy theoretical results. We have previously done this for the total bremsstrahlung energy-loss cross section,9
and have now extended the procedure to the bremsstrahlung cross section differential in the energy of the emitted photon, 2 (Z,T,k/T) (Z = atomic number, T = electron kinetic energy, k -energy of emitted photon).
Outline of Calculational Procedure
The necessary input data for the bremsstrahlung cross section for electrons with energies below 2 MeV were obtained directly from the tables of Pratt et al.7 The input data at energies above 50 MeV had to be generated by a more complicated procedure, using the high-energy theory of Davies, Bethe, Maximon, and Olsen combined with the following improvements: (1) screening corrections were calculated using Hartree-Fock'0 rather than Thomas-Fermi form factors; (2) the theoretical results of Jabbur and Pratt4 were used at the tip (high-frequency limit, k + T) of the bremsstrahlung spectrum; and (3) the Coulomb correction of Davies, Bethe, Maximon, and Olsen was combined with that given by Elwert5 to insure that the cross section goes smoothly into the tip value.
In order to interpolate across the gap region from aThe total radiative energy-loss cross section due to bremsstrahlung production in the field of the atomic nucleus is defined as IT k(do/dk)dk/(ar 2 Z2 E), where E = T + mc2 is the total incident electron energy, mc2 is the electron rest energy, a = 1/137.036 is the fine-structure constant, and re = 2.817938 x io-'3 cm2 is the classical electron radius.
